To assess the agreement between two different spectral domain (SD-OCT) and one swept source (SS-OCT) optical coherence tomography device to measure the insertion distance and the thickness of the horizontal rectus muscles.
INTRODUCTION
In recent years, optical coherence tomography (OCT) 1,2 has emerged as an alternative for the assessment of the extraocular muscles. It is a noninvasive technique for obtaining high-resolution cross-sectional tomographic imaging. Over time,
OCT has evolved from time-domain (TD-OCT) to spectral-domain (SD-OCT) systems, which resulted in enhanced image acquisition speed and resolution. Later, swept source OCT (SS-OCT) with longer wavelength light sources was developed, allowing higher penetration in ocular tissues. [3] [4] [5] To date, the extraocular muscle studies using OCT have focused on evaluating two parameters. The first was the distance from the insertion of the muscle to the limbus to evaluate its use for strabismus surgical planning, especially in eyes that have undergone previous operations. The first reported was the study by Liu et al., 6 in which OCT measurements showed good agreement with intraoperative measurements of the horizontal rectus muscles. Ngo et al. 7 also described good agreement between OCT and intraoperative measurements, which included vertical rectus muscles and those previously operated on. These studies used Visante (Carl Zeiss Meditec, Dublin, CA) to obtain the images, which is a TD-OCT system that has lower resolution than SD-OCT or SS-OCT systems. Regarding reproducibility, DePablo-Gómez-de-Liaño et al. 8 showed high values in insertion distance measurements with SD-OCT.
The second parameter studied was muscle thickness, which was measured with OCT by SalcedoVillanueva et al. 9 Later, Häner et al. 10 compared the muscle thickness in patients with Graves orbitopathy to that of a healthy group.
The agreement between various OCT devices for measuring different ocular structures, such as choroidal and retinal thickness or angle width, has been evaluated in several studies. 4, 5, [11] [12] [13] [14] [15] However, there have been no studies comparing the use of different SD-OCT and SS-OCT devices to assess their agreement in the evaluation of the horizontal rectus muscle.
Therefore, the purpose of this study was to assess the agreement of the measurements of the horizontal rectus muscle insertion distance to the limbus and the muscle thickness between three different OCT devices.
PATIENTS AND METHODS
We conducted a prospective cross-sectional observational study on 70 eyes of 35 healthy hospital staff members. The research adhered to the tenets of the Declaration of Helsinki. Ethical approval was obtained from the Hospital Universitario Clínico San Carlos Ethics Board. All study participants provided informed consent.
A complete clinical history and ophthalmologic examination were performed on all participants. Patients with a history of strabismus and patients with ocular diseases that could make it difficult to define a clear limbus were excluded. The sex and age of the participants were recorded, and axial length was measured using a Lenstar LS 900 (Haag-Streit AG, Koeniz, Switzerland) optical biometer.
OCT Imaging
OCT images were obtained from both eyes of all participants using three OCT systems, the Spectralis (Heidelberg Engineering Inc., Heidelberg, Germany), the Cirrus 5000 (Carl Zeiss Meditec, Dublin, CA) and the Triton (Topcon, Inc., Tokyo, Japan). The Spectralis system is an SD-OCT system that captures 40,000 axial scans per second with a wavelength of 840 nm and an axial resolution of 7 µm. The images were obtained using the anterior segment module, with a line raster scan of 16.7 mm, and the sclera mode was selected. The Cirrus system is also an SD-OCT system that takes 27,000 to 68,000 axial scans per second with a wavelength of 840 nm and an axial resolution of 5 µm. The crosssectional images were obtained using the anterior chamber lens with the wide angle-to-angle scanning protocol. The exploration consisted of a scan 15 mm in length (Figures 1-2) . The Triton system is an SS-OCT system that takes 100,000 axial scans per second with a wavelength of 1,050 nm and an axial resolution of 2.6 µm. We employed the line anterior segment capture mode of a 16-mm exploration field, with an overlap of 64.
Exploration was guided with a fixation light for all devices. Participants were asked to assume a maximal temporal gaze during the medial rectus muscle scanning and a maximal nasal gaze for the lateral rectus muscle scanning, which allowed for exploration of the horizontal rectus muscles at the 3-and 9-o'clock positions. With the three OCT devices, the muscles were identified as hyporeflective structures between a hyperreflective band, which corresponded to the sclera beneath the muscle, and Tenon's capsule and conjunctiva, which were also hyperreflective above the muscle (Figures 1-2) . All scans were performed by a well-trained examiner (JIF-V) and were analyzed by a single well-trained reviewer of images (LD-P-G-L).
Two parameters were evaluated: (1) the distance from the muscle insertion (at the point where the tendon ends) to the posterior corneoscleral limbus and (2) the muscle thickness at 8.5 and 10.5 mm from the limbus for the lateral rectus muscle and at 7.2 and 9.2 mm from the limbus for the medial rectus muscle. These distances were chosen as the measurement sites because in a previous study we found the mean limbus insertion distance to be approximately 6.5 mm for the lateral rectus muscle and 5.2 mm for the medial rectus muscle. We decided to add 2 mm (anterior measurement site) and 4 mm (posterior measurement site) to these distances to perform the muscle thickness measurements. Care was taken to not include the episclera or the conjunctiva in the muscle thickness measurements.
A subgroup of 20 eyes of 20 participants was randomly selected to assess the intra-observer, interobserver, and intra-instrument reproducibilities of the measurements obtained with the three OCT devices. First, inter-observer reproducibility was ensured by employing two independent reviewers (LD-P-G-L and JIF-V) to measure the distance from the limbus to the muscle insertion on the same exploration images. Intra-observer reproducibility was ensured by performing a second measurement on the same exploration images by the same reviewer 1 week after the first measurement. Intra-instrument reproducibility was ensured by performing a second OCT procedure 1 week after the first measurement.
Statistical Analysis
Statistical analysis was performed using SPSS for Windows software (version 18.0; SPSS, Inc., Chicago, IL). Quantitative data were described as the mean and standard deviation; qualitative data were reported as the frequency of distribution. The intra-class correlation coefficient (ICC) was calculated for quantitative variables to evaluate absolute agreement as a measure of inter-observer, intra-observer, and intra-instrument reproducibility to assess the reliability of the OCT measurements. The ICC was also calculated to analyze the agreement in the limbus insertion distance and muscle thickness between the three OCT devices. Analysis of variance (ANOVA) with post hoc multiple comparison test was used to compare inter-device results. The Bland-Altman plot was also calculated to graphically display the differences between the two devices as a function of their average and to illustrate the degree of disagreement. Statistical significance was set at a P value of less than .05.
RESULTS
Seventy eyes from 35 participants were included. The mean age of the participants was 31.7 ± 8.7 years (range: 22 to 61 years), 63% were women, and all participants were white. The mean axial length was 24.5 ± 1.2 mm (range: 21.8 to 27.6 mm).
We were able to measure the limbus insertion distance in both the lateral rectus and medial rectus muscles in all cases (70 of 70) with the three devices. We were also able to measure the lateral rectus muscle thickness at 8.5 and 10.5 mm in 100% (70 of 70) and 78.6% (55 of 70) of patients, respectively, with Triton; in 95.7% (67 of 70) and 75.7% (53 of 70), respectively, with Spectralis; and in 94.3% (66 of 70) and 74.2% (52 of 70), respectively, with Cirrus. The medial rectus muscle thickness could be measured at 7.2 and 9.2 mm in 98.6% (69 of 70) and 92.8% (65 of 70) of patients, respectively, with Triton; in 95.7% (67 of 70) and 85.7% (60 of 70), respectively, with Spectralis; and in 94.3% (66 of 70) and 85.7% (60 of 70), respectively, with Cirrus. It was impossible to measure the muscle thickness in the remaining cases due to poor image quality that failed to identify the muscle boundaries clearly or because the posterior measurement site was outside of the exploration field.
The mean lateral rectus muscle distance to the limbus was 6.50 ± 0.43 mm using Triton, 6.51 ± 0.47 mm using Spectralis, and 6.46 ± 0.47 mm using Cirrus. For the medial rectus muscle, the mean distance was 5.11 ± 0.37 mm with Triton, 5.20 ± 0.44 mm with Spectralis, and 5.13 ± 0.44 mm with Cirrus ( Table 1) . There were no differences between the three devices in the mean distances of the lateral rectus muscle (P = .768, ANOVA) and medial rectus muscle (P = .409, ANOVA).
The overall agreement in the insertion distance between the three devices ranged from an ICC of 0.629 (range: 0.401 to 0.770) to 0.887 (range: 0.819 to 0.930), with higher values for the lateral rectus muscle (ICC from 0.805 to 0.887) than for the medial rectus muscle (ICC from 0.629 to 0.715). The best agreement was found between the Spectralis and Topcon devices, with an ICC of 0.887 (range: 0.819 to 0.930) for the lateral rectus muscle and an ICC of 0.715 (range: 0.543 to 0.823) for the medial rectus muscle ( Table 2 ). The Bland-Altman plots illustrate the agreement of the lateral rectus ( Figure  3 ) and medial rectus (Figure 4 ) muscle insertion distance measurements between the three OCT devices. The best limits of agreement were observed between Spectralis and Triton.
The mean lateral rectus thickness at 8.5 mm to the limbus was 202.6 ± 39.4 µm using the Spectralis device, 199 ± 42.6 µm using Cirrus, and 203.3 ± 50.6 µm using Triton; at 10.5 mm to the limbus, the thicknesses were 195.6 ± 41.5, 187.1 ± 44.6, and 198.1 ± 49.4 µm, respectively. The medial rectus muscle thickness at 7.2 mm to the limbus was 167.7 ± 33.5 µm using the Spectralis device, 170.7 ± 44.9 µm using Cirrus, and 163.9 ± 30.1 µm using Triton; at 9.2 mm to the limbus, the thicknesses were 205.2 ± 52.7, 222.1 ± 57.8, and 225.6 ± 47.3 µm, respectively ( Table 1) . There were no differences between the three devices in terms of the mean lateral rectus muscle thickness (P = .891 and .381, ANOVA; at the anterior and posterior measurement site, respectively) or the medial rectus muscle thickness (P = .546 and .057, ANOVA, at the anterior and posterior measurement site, respectively). for the lateral rectus and 0.641 to 0.792 for the medial rectus muscles ( Table 2) . The intra-observer, inter-observer, and intrainstrument reproducibilities of each device were high. Higher reproducibility was observed for the insertion distance (ICC ≥ 0.880) than for the muscle thickness measurements (ICC ≥ 0.772). The highest reproducibility values were obtained with Triton (ICC ≥ 0.798). The reproducibility values are shown in Table 3 .
DISCUSSION
This study represents a direct comparison between two SD-OCT devices and one SS-OCT device. The results suggest that OCT is an effective and reproducible technique for measuring the insertion distance to the limbus and the thickness of the horizontal rectus muscles.
The identification ability and the measurements were good for both the lateral rectus and medial rectus muscle insertion distance, independent of the device used, with healthy and cooperative participants.
The percentage of muscle thickness measurements was lower for the posterior thickness measurement sites (≥ 74.2%; 10.5 for the lateral rectus muscle and 9.2 mm for the medial rectus muscle) than for the anterior thickness measurements sites (94.3%; 8.5 mm for the lateral rectus muscle and 7.2 mm for the medial rectus muscle) and the insertion distance measurements (100%).
The mean distance of the lateral rectus muscle insertion to the limbus was similar between the three devices, ranging between 6.46 ± 0.47 and 6.51 ± 0.47 mm. For the medial rectus muscle, the mean distance was also similar between the three OCT devices, ranging from 5.11 ± 0.37 to 5.20 ± 0.44 mm. The OCT-obtained mean distances are slightly smaller than the measurements reported by Liu, 6 who measured the lateral rectus muscle to be 6.8 ± 0.6 mm and the medial rectus muscle to be 5.7 ± 0.6 mm with TD-OCT. This discrepancy is likely because they and other authors 7, 16 measured the distance from the muscle insertion to the anterior chamber angle and then added 1 mm. Park et al. 16 measured the lateral rectus muscle insertion to be within a range of 5.7 ± 0.6 to 6.4 ± 0.8 mm and the a All measurements recorded as intraclass correlation coefficient with a 95% confidence interval. The Spectralis is manufactured by Heidelberg Engineering Inc., Heidelberg, Germany, the Cirrus is manufactured by Carl Zeiss Meditec, Dublin, CA, and the Triton is manufactured by Topcon, Inc., Tokyo, Japan.
medial rectus muscle insertion from 5.1 ± 1.2 to 5.5 ± 1.4 mm with TD-OCT, but they concluded that the measurements were not significantly different with different eye positions. Salcedo-Villanueva et al. 9 found a thickness of 136 µm (range: 95.5 to 217 µm) for the medial rectus muscle and 182 µm (range: 94.5 to 294.5 µm) for the lateral rectus muscle at the junction of the tendon using RTVue OCT (Optovue, Fremont, CA). These values are slightly lower than those observed in our study (medial rectus muscle mean from 163.9 to 170.7 µm depending on the device, range: 90 to 290; lateral rectus muscle mean from 199 to 203.3 µm, range: 101 to 350), possibly because we performed the measurements at a posterior site. In the current study, the lateral rectus muscle was thicker at 8.5 than at 10.5 mm to the limbus. This was opposite to the medial rectus muscle, which was thicker at a far distance (9.2 mm) than at a near distance (7.2 mm). These data were observed with the three devices employed ( Table 1) .
Häner et al. 10 obtained a medial rectus muscle thickness of 215 µm at 8.7 mm to the limbus with the Spectralis OCT. These values are consistent with our data, in which the medial rectus muscle thickness was between 205.2 and 225.6 µm at 9.2 mm to the limbus depending on the instrument. However, a discrepancy is evident in the lateral rectus muscle, where they found a thickness of 255 µm at 9.8 mm, whereas we detected values from 187 to 198.1 µm at 10.5 mm to the limbus.
In our study, the agreement between the three devices assessing the insertion distance was high, with the highest agreement between Spectralis and Triton for both the lateral rectus and medial rectus muscles. The highest agreement in the muscle thickness evaluation was also obtained between the Spectralis and Triton devices, independent of the muscle and the measurement reference site. Of note, the agreement between the three OCT devices was higher for the lateral rectus muscle measurements than for the medial rectus muscle measurements, in terms of both insertion distance and muscle thickness. We also observed better agreement in the posterior site of the thickness measurements than in the anterior site, possibly because the muscle's borders are better visualized at the posterior site.
A reliable measurement of the extraocular muscles would require reproducible results with each instrument and is a prerequisite to directly compare measurements from these instruments. The reproducibility of the different OCT devices in terms of intra-observer, inter-observer, and intra-instrument values in the measurements of the insertion distance was excellent (ICC ≥ 0.880); the reproducibility was good for the muscle thickness measurements (ICC ≥ 0.772). Park et al. 16 also reported excellent reproducibility in measuring the horizontal extraocular muscle insertion distance with TD-OCT (ICC ≥ 0.96). Salcedo-Villanueva et al. 9 reported excellent intra-observer reproducibility (ICC = 0.981) and inter-observer agreement (ICC = 0.834) when measuring the muscle thickness. In the current study, the reproducibility values and the percentage of identification were slightly higher with the SS-OCT device than with the SD-OCT devices.
In other studies, the agreement between different OCT devices assessing different ocular structures was studied. Marion et al. 13 suggested true interchangeability between the Cirrus and Spectralis devices in anterior chamber angle measurements (ICC = 0.961 and 0.941). However, Quek et al. 15 reported only moderate agreement between the two SD-OCT instruments employed in detecting angle closure. In a comparison between SS-OCT and SD-OCT in the measurement of choroidal thickness, an ICC of 0.9 or greater was observed.
14 In our comparison study, we supposed that even if the agreement is high between the devices in the insertion distance and moderate to good for the muscle thickness, it probably is not high enough to consider an interchangeability of the measurements.
The current study has several limitations. First, the insertion distances of muscles other than the horizontal rectus muscles were not measured because for vertical muscles there was an interference of the eyelids and the need for manipulation. Regarding the exploration technique, although it is possible to measure a 15-to 16-mm exploration field, it is difficult to measure at more than 10 to 11 mm from the limbus with the devices used; therefore, in a significant percentage, it was not possible to identify the lateral rectus muscle thickness at 10.5 mm and the medial rectus muscle thickness at 9.2 mm. With the Cirrus and Triton OCT devices, it is possible to perform only one large scan. On the contrary, with Spectralis it is possible to explore all quadrants with 21 scans, in which the entire muscle insertion was included. However, the repeatability with all devices was high. The main disadvantage of the Cirrus OCT is that it is sometimes necessary to repeat the exploration for the correct segmentation of the images and to allow the software to perform the measurements. This is because the software device used is a wide angle-to-angle device, which is designed to explore the anterior chamber and not the sclera or the extraocular muscles. Another limitation of the Cirrus and Triton software systems is that they require manual localization of the limbus in the OCT. However, Spectralis automatically localizes the limbus on the OCT when it is marked on the external view of the eye.
To the best of our knowledge, this is the first study to assess the limbus insertion distance and the thickness of the horizontal rectus muscles with SS-OCT and to compare these parameters between one SS-OCT and two SD-OCT instruments. The excellent reproducibility observed in the current study highlights the reliability of the limbus insertion distance and muscle thickness measurements in a clinical setting, using a device readily available in daily practice.
The ability of the OCT to accurately image the extraocular muscles could be useful in the preoperative evaluation of patients with strabismus, especially in those with suspected abnormal muscle insertion, in cases of slipped muscles, or in patients who had previous surgery. 17 Further OCT studies to improve the analysis of the extraocular muscles are needed. Measurements obtained in this study with different devices in healthy patients could be useful to compare those results against different pathologic conditions, such as paralyzed muscles, scarred muscles, or in restrictive strabismus; to investigate the differences in characteristics or measurements; and to facilitate a better approach to different strabismus conditions. It could also be interesting to use OCT for the evaluation and diagnosis of muscle or tendon inflammation in Graves ophthalmopathy, myositis, or rhabdomyosarcoma. OCT has a potential use in the diagnosis and monitoring of the therapeutic response in extraocular muscle diseases. 9, 10 This study found that SS-OCT and SD-OCT are reliable and reproducible techniques for measuring the limbus insertion distance and the thickness of the horizontal rectus muscles, with good agreement between the different devices.
